The Spinning Astrid- (1979) (1980) was the first satellite to accurately measure the three components of the Earth's magnetic field with dense global coverage [1] . The importance of periodic measurements of the geomagnetic field has been recognized for many different purposes within solid Earth physics and other disciplines. However, since MAGSAT, no other mission carrying accurate vector magnetic instrumentation has flown until the Astrid-2 satellite. Shortly after Astrid-2, the Danish Oersted mission was launched (February 23, 1999) , as a dedicated geomagnetic mission.
The Astrid-2 high-resolution magnetic instrumentation, combined with the possibility of determining an inertial reference system for the magnetometer based on the spin stabilized spacecraft, and the near polar orbit at about 1000 km providing good global data coverage, makes the Astrid-2 magnetic data set unique for geomagnetic research. It is also worth mentioning that the Astrid-2 satellite orbital plane drifted relative to the Sun and swept all local times during the mission.
The paper first briefly describes the Astrid-2 satellite, its science three-axis fluxgate magnetometer, and some aspects of the magnetic calibration. Then, the processing of the flight data is introduced aiming at the in-flight calibration and the scalar magnetic field modeling. Finally, the properties of the magnetic vector data are analyzed and presented with some examples of the de-spun data, and the high-precision attitude recovery possibilities based on the magnetometer measurements and the vehicle dynamics are discussed.
The primary purpose of this paper is to demonstrate the feasibility of getting mapping quality vector magnetic field data from a small spinning satellite. The main field model presented below is for this purpose only and is not meant to compete with the IGRF. A secondary aim is to demonstrate the stability of the satellite spin axis, thereby supporting the possibility of modeling the absolute attitude of the magnetometer (and of the spacecraft) simultaneously with modeling the main field of the Earth.
II. THE ASTRID-2 SATELLITE
Astrid-2 is an advanced auroral microprobe with dual primary mission objectives: to do high-quality in situ measurements of the auroral physics processes, and to demonstrate the usefulness of micro-spacecraft as advanced research tools [2] . The mission has opened up entirely new possibilities for low-budget multipoint measurements in near-Earth space. These long-needed in situ measurements constitute the next major step forward in experimental space physics. Astrid-2 has platform dimensions of 45 45 30 cm, a total mass of just below 30 kg, and carries scientific instruments for measuring local electric and magnetic fields, plasma density and density fluctuations, ions and electrons, as well as photometers for remote imaging of auroral emissions. Attitude determination was hoped to be provided by a high-precision star imager system (SIM), but for vehicle stability reasons a spin rate above the specified star camera operating range was chosen, and so the attitude determination had to rely on the less accurate (about 0.1 ) pre-flight implemented back-up solution, based on the science magnetometer [3] .
During the pre-flight satellite level magnetic calibrations (see below), the intercalibration between the star camera head and the magnetometer sensing unit was determined, resulting in a star based angular pointing accuracy of 6 arcsec between the magnetometer and the local magnetic field vector [4] , [5] .
Astrid-2 ( Fig. 1 ) was launched on December 10, 1998 at UT 11:57:07 as a piggy-back payload on a Russian Kosmos-3M launcher from Plesetsk into an 82.9 inclination and almost circular orbit of 1015 978 km altitude with an orbital period of 105.1 min (this gives almost 14 orbits per day). Nodal regression gave complete coverage of all local time sectors every 3.5 months. Telemetry was lost on July 24, 1999 during a downlink connection and at present the cause is unexplained. Some 150 Mbytes' worth of scientific data was received each day at the two ground stations: Solna (Northern hemisphere, Sweden) and Sanae (Southern hemisphere, South African Antarctic base).
As mentioned above, the main objectives of the Astrid-2 mission are basically dedicated to the study of local phenomena related to electromagnetic waves in the plasma at the satellite altitude and their correlation with auroral arcs. The frequencies of interest lie in the range of dc to 400 Hz. The interchange of energy between the ionosphere and the magnetosphere can then be addressed by simultaneous observations from other spacecraft systems or from ground based instrumentation. Determination was made of external magnetic field sources and their dependence on local time, season, IMF conditions, and substorm activity. Model predictions of the electromagnetic weather were compared to actual observations, especially in the polar iono- spheres. Statistical studies were made of the global distribution of , , and Birkeland currents. Of particular interest is to obtain representative -and -field distributions in the cusp region and in the Harang discontinuity region (produced by two electrojects with opposite directions near the mid-night sector) using simultaneous data.
III. THE ASTRID-2 MAGNETOMETER
The Astrid-2 magnetometer has a triaxial sensor unit consisting of three independent single-axis compensated fluxgates and is based on the CDC sensor design (Fig. 2) . The magnetic material used in the sensor core is the amorphous metallic glass Vitrovac 6025 from Vacuumschmelze GmbH with virtually zero magnetostiction [6] . The support of the sensor is made of MACOR (Corning Incorporated) in order to have very good thermal properties [7] .
The instrument is based on a digital signal processor (DSP) controlling all the timing processes of the magnetometer electronics [8] . The DSP generates all synchronizing signals for the excitation and the ADCs/DACs. The outputs of the detector coils of the individual fluxgate sensors are connected to signal conditioning preamplifiers and fed to 16-bit ADCs sampling several times faster than the excitation frequency. The digitized version of the signal is then correlated in the DSP with a matched reference signal. The maximum correlation value is proportional to the magnetic field sensed by the fluxgate transducer. The integrator and interpolator are also programmed in the DSPs, and the outcome of these computations are used to feed three DACs (also running fast in order to produce sufficient oversampling), and finally the feedback loops of the instrument are closed through voltage-to-current converters that feed the compensation currents to the detector coils. The fluxgate sensors are then used as null detection devices. The outputs of the DSP are selectable to 16, 256 , and 2048 Hz with 20 bits of resolution. The detector coils' outputs are a fairly small out-of-balance signals superposed on the feedthrough and, therefore, can be digitized with fewer bits than the magnetometer output.
The range of the magnetometer is 62 000 nT in each component with a digitizing step of 0.12 nT. The sensor unit is Table I summarizes all the magnetometer performance characteristics. The digitizing step limits the resolution of the magnetometer, which is greater than the instrument noise. But the low thermal coefficients ensure the high precision measurements.
Magnetic calibrations were performed at instrument level at the "Magnetsrode" test facility of the Institute of Geophysics and Meteorology, Technical University of Braunschweig, Germany, in the laboratory at DTU and at the Danish Meteorological Institute's Magnetic Observatory at Brorfelde, Denmark [7] . The final satellite-level magnetic calibration was performed at the Swedish Geological Survey's Magnetic Observatory at Lovoe near Stockholm, Sweden [4] , [5] . The operating and nearflight configured satellite was exposed to the monitored Earth's field in about 60 different directions, and a scalar calibration was performed using the 48 first positions. Taking a local field gradient into account and compensating for the DAC nonlinearities, the overall standard deviation of the individual data points was 1.3 nT . This includes all the perturbations from the satellite and the remaining nonlinearities in the sensor and the DACs. The instrument's band noise was below 50 pT [8] at the 16-Hz output.
The Swedish Space Corporation (SSC) and all the instrument providers successfully complied with the magnetic cleanliness requests put up by the magnetometer team and the project. Tests at Lovoe confirmed the very low magnetic perturbations from the satellite by sequentially power-cycling the subsystems. The maximum perturbation came from the transmitter, causing 4 nT at the boom-deployed magnetometer sensor [9] . The data can then be cleaned for these well-defined events and identifiable perturbations.
The pre-flight calibration of the magnetometer provided the means to qualify and model the behavior of the instrument before launch. The magnetic field vector can be expressed as a linear function of the three raw 20-bit outputs of the magnetometer.
First, an orthogonal system is constructed by using the magnetic sensors as an intrinsic reference system frame [10] (1) This indicates that the first orthogonal axis is chosen along the direction of the first detector coil axis, . The third orthogonal axis is perpendicular to the plane defined by the first and second coil axes, and . The second orthogonal axis, , lies in the plane formed by and , and it is perpendicular to . This completes the right-handed orthogonal system associated with the nonorthogonal coil axes triad . Second, the relation between the magnetic field components ( , , ) and the magnetometer outputs can be approximated by a linear combination of the raw outputs in engineering units (digital bits) ( , , ), if the transverse effect is small [7] . The effect of the proximity of the three independent transducers forming the sensor is negligible, because this effect is absorbed into the calibration parameters [11] . Hence, the relationship for the Astrid-2 magnetometer is (2) Here, is the offset vector and are the components of the lower triangular calibration matrix.
IV. DATA SELECTION There were two criteria for selecting the data: 1) the period had to be magnetically fairly quiet and 2) lack of ACS maneuvers. If the currents normally existing in the ionosphere and magnetosphere are enhanced as a result of perturbations driven by the Solar Wind, they cause changes in the magnetic field.
This cannot be described by a global model based on a scalar potential and on the nonexistence of such currents. The period chosen is the day of February 7, 1999 . On this day the Kp index was less that 3 for any of the three-hour intervals, and the sum for the whole day was 22 . The Ap index for this period was 13. These indexes were retrieved from [12] . The index measuring the state of the ring current Dst has also been retrieved from the World Data Center for Geomagnetism WDC-C2 at Kyoto [13] , and it has a standard deviation value of 3 nT with a maximum value of 11 nT and a minimum of 23 nT.
The other constraint for selecting the data is the activity of the ACS. If the magnetic data is to be used for a vector field model, then the orientation of the satellite spin axis has to be stable in inertial space. This means that there should not be any large Attitude Control System (ACS) maneuvers. The Astrid-2 satellite is a spinner with the solar panels orientated approximately perpendicular to the Sun vector. When the angle between the spin axis and the Sun vector differs by more than a few degrees (caused by orbital plane drift), then the ACS takes action to correct this. The absence of ACS actions was actually the main reason for selecting February 7, 1999 , despite the fact that the magnetic conditions were only moderately quiet.
The scalar value of the raw data for February 7, 1999, is depicted in Fig. 3 . This has been computed using the pre-flight calibration without temperature correction. The thickening of the traces shows that the spin is not completely removed indicating that applying a simple pre-flight calibration set of parameters without temperature correction is not enough. The computed scalar magnetic field from the IGRF95 model extrapolated to the involved epoch is plotted on top of the curve but it is not visible due to the scaling. A magnified time series in shown on the left bottom side of the figure. There are some few outliers in the raw data indicated by the vertical lines stretching to the top or the bottom of the panel, and these have been eliminated before further analysis. The total number of Astrid-2 magnetic vectors for February 7, 1999 , is 1 999 166 taken at both 16-and 256-Hz sampling rates. This dataset was subsampled by a factor of 8/128 if the sampling frequency was 16/256 Hz, respectively (taking every 8/128th vector) to 2 Hz giving 176 543 vectors. There were 82 outliers in the subsampled data amounting to a total of 0.05%.
V. DATA PREPROCESSING
Presently, a complete copy of the data from the Solna (Northern hemisphere) and Sanae (Southern hemisphere) ground stations exists at Oersted DTU. This represents about 30 Gbyte of raw data from the downlink telemetry stored in DVD format. Subroutines for extracting the necessary information from the data have been developed and implemented. The block diagram in Fig. 4 represents schematically the process by which the data is used. This includes the magnetic scientific data (and -field probe data where needed), the time relative to the satellite internal counter and the housekeeping data of the magnetometer with the temperatures of the sensor and of the electronics. The readings from the Sun sensor are also extracted in order to have an initial estimate of the spin frequency and phase. The -field data come at different rates. In normal mode, the magnetometer is sampling at 16 Hz. As the satellite crosses the auroral zones, the rate is switched to 256 Hz in order to observe the more variable auroral phenomena with a higher bandwidth. The 2048-Hz sampling mode is rarely used in space, because of limitations in the internal memory. The delay that occurs by switching between the 16-Hz and 256-Hz modes is corrected for when extracting the data from the raw data files.
Each of the magnetometer samples is associated with a timestamp that is related to a specific initial time, which corresponds to the time when the Astrid-2 main computer was last reset. In order to determine accurately the internal time relative to the Universal Time (UT), the satellite computer records the value of the counter when there is a contact with the ground station. The counter frequency can be established with high precision during a downlink, since it is related to the satellite oscillator. A table relating this time to UT is available from the project and is used for converting the relative time provided by the internal counter. The time-table error is stated by the project to be less than 0.1 s in the worst case. This corresponds to less than 700 m in position along the orbit and to less than 1.5 nT in the scalar field, which is comparable with the position accuracy discussed below. The switching between different sampling modes produces some fluctuations in the timestamps, which have to be compensated for. This is done by looking at the magnetic data that usually come equidistantly in time regardless of time stamp errors. If a correction was not possible, the magnetic vectors were disregarded. In order not to introduce any erroneous signals, the data has not been filtered when used in the geomagnetic modeling. Instead, the data is subsampled with a specific interval of 0.5 s between samples. This is still a tremendous amount of data and it is further subsampled by a factor of 100 (selecting every 100th sample, see Fig. 5 ), giving 1766 points that are used for further analysis.
The timestamp associated with each measurement was used to compute the position at which the observation was carried out, and, for this, information about the orbit is needed. The satellite did not carry any device for position determination and this was the reason to use orbit data from the North American Aerospace Defense Command (NORAD) who maintains general orbital element sets on all resident space objects. These element sets are periodically refined so as to maintain a reasonable prediction capability on all space objects. These element sets are "mean" values obtained by removing periodic variations in a particular way, and they are provided to users who then will have to reconstruct and re-introduce these periodic variations (by a prediction model) in exactly the same way as they were removed by NORAD. The software for this, StarTrack v2.1.3 is supplied by Dr. T. S. Kelso [14] and is capable of predicting the position of the satellite from the UT time and the orbital two-line-elements (TLEs) for the specific period, where the position is required.
VI. MAGNETOMETER CALIBRATION
The scalar calibration uses the field measured by a scalar magnetometer and the computed scalar field of the vector magnetometer that is parameterized by nine parameters for the case of a linear magnetometer like in (3). These parameters are: the three offsets, the three scale factors, and three nonorthogonal angles between individual axis. If the magnetometer is exposed to fields in all directions, it is possible to determine these nine parameters independently both on ground and in flight without knowing the external orientation of the magnetometer. This is used by MAGSAT and Oersted. However, Astrid-2 does not carry a scalar magnetometer and therefore, in-flight it has to used the input scalar field from the magnetic field model. During pre-flight calibration, the Astrid-2 satellite was set up at the Lovoe Magnetic Observatory of the Swedish Geological Survey on May 15-16, 1997. The vector magnetometer measured the Earth's magnetic field while the satellite was oriented in 60 different directions with respect to the field by tilting and turning the whole satellite. At the same time the intensity of the -field was recorded with a scalar proton magnetometer. A comparison between the vector and scalar magnetometers was then made in a scalar calibration [4] , [5] , [10] and this gave the pre-flight calibration parameters used for transforming the raw data into components specified in terms of an intrinsic orthogonal sensor reference system based on the magnetometer sensor's physical magnetic axes (see Fig. 6 ).
As discussed above, the calibration was performed with the magnetometer on-board the flight configured and operating satellite. The pre-flight calibration parameters thus include the influences from the satellite and all instrument nonlinearities. The calibration coefficients are temperature dependent. Because of the tight schedule, only the Astrid-2 flight-spare magnetometer was thermally characterized at the "Magnetsrode" facility of the institute of Geophysics and Meteorology at the Technical University of Braunschweig, Germany. The sensitivities', the offsets', and the nonorthogonal angles' thermal coefficients for this magnetometer are 13, 11, 11 ppm/ C, 0.02, 0.01, 0.46 nT/ C and 0.17, 0.33, 0.53 arcsec/ C, respectively for the three axes [7] . These thermal coefficients are assumed to be the same for the flight sensor unit based on the identical construction and production.
The pre-flight calibration was checked in-flight by comparing the in-flight measurements with the predicted scalar magnetic field derived from the extrapolated IGRF95 model. The in-flight scalar calibration residuals based on 1766 data points and the scalar field computed from the IGRF95 extrapolated to the time of the data are shown in Fig. 7 . The orbital temperature variations of the sensor only amounted to a few C, and therefore, for this specific day, no thermal correction has been taken into account. After this in-flight adjustment of the pre-flight calibration, it was observed that the spin frequency was heavily attenuated in the scalar magnetic intensity residuals. The difference between in-flight and on-ground calibration parameters is due to the temperature at which they have taken place (below 30 C and 20 C, respectively). These are the result of the sensor and electronics thermal effects and are of the order of 50 ppm/ C. The standard deviation of the single points in Fig. 7 is about 18 nT reflecting, among other things, the differences between the actual slightly perturbed field at the satellite on February 7, 1999, and the predicted scalar value from the IGRF95. The procedure of in-flight correcting the pre-flight calibration parameters is equivalent to the "analysis in payload coordinates" mentioned in the discussion section of [15] . For a well-distributed data set (the magnetic field covering all directions in the sensor coordinate system), it is generally accepted that adjusting the pre-flight calibration and at the same time constructing a model of the field is a convergent process yielding independent estimates of the calibration and modeling coefficients [16] , [17] . Adjusting the magnetometer calibration leads to higher quality model coefficients, but does not influence the model apart from what follows from decreasing the overall data noise. An example of a short time series is given in Section IX.
VII. MAIN FIELD MODEL DERIVED FROM SCALAR DATA
In a current-free region, the magnetic field can be derived as the negative gradient of a scalar potential , which is a function of the spatial coordinates (and also the time). Thus (3) In the spherical geometry, as is suitable for geomagnetism, this scalar potential function is expanded using the spherical harmonics (4) where is the mean radius of the Earth ( km), are the associated Legendre polynomials of degree and order , , , , , are the Gauss coefficients, and ( , , ) are the spherical coordinates: is the distance, is the co-latitude and is the longitude. The coefficients , and , map the sources below and above the satellite altitude, respectively. The internal sources in the Earth's core are customarily modeled up to degree 13 because here the magnetic power spectrum has a knee. For greater than 13, the wavelengths are of the order of or less than 3000 km, and their signature is associated with the crustal sources [18] . At the satellite altitude, there exists current systems and although some dynamic processes in the ionosphere have these spatial spectral characteristics, their signature is not static in general. Some of these current systems (specially in the auroral zones) cannot be modeled in a global sense and act like noise in the determination of the potential function. The magnetosphere is modeled by only three external coefficients reflecting the homogeneous field from the Equatorial ring current, and the time variation of the ring current is taken into account via the Dst index by [19] 
The attitude of the magnetometer is not needed for estimating a main field model from scalar data. In this case, the intensity computed from the calibrated magnetometer is used to determine the Gauss coefficients, thus (6) A main field model derived from scalar data only, is known to be corrupted by the Backus effect [19] . There are tesseral terms of order that are not well resolved, as they are highly affected by noise and by unmodeled sources. This is due to the fact that an additional field perpendicular to the local field may exist, which can still produce nearly the same scalar value. When models derived from scalar data only are compared to models from vector data, believed to be the more correct ones, there may be large discrepancies around the dip Equator. These differences are most enhanced in the vertical component, and they can be up to 2000 nT. Solutions to this problem can be devised when satellite vector data is not available, as is the case in the present work. The inclusion of vector data from geomagnetic observatories could be one possibility. Such data, however, are not evenly distributed over the globe being very sparse in the Southern hemisphere. Another solution is to constrain the model by some a priori knowledge of the position of the dip Equator. In other words, the positions, where the vertical component of the geomagnetic field is expected to decrease to a very small value, are used to force the model to attenuate the Backus discrepancy.
This has been implemented here in the following way: where ever the vertical component computed from the extrapolated IGRF95 model is within 2000 nT, then the predicted vertical component from the IGRF95 model is included alongside the observed scalar value. Here the assumption is that the relative time drift of the dip equator is smaller than the overall secular variation for the same period of time. This accounts for an increase of about 3% (55 extra points) of the total number of data points. A comparison of the resulting model with the extrapolated IGRF95 model is shown in Fig. 8 . Since we are comparing two models, the high latitude data do not need to be discarded; furthermore, the errors of this comparison are larger in the Equatorial region. The overall rms value for the intensity ( ), north ( ), east ( ), and radial ( ) components are 18.0, 14.5, 7.6 and 18.6 nT , respectively. This means that the Backus effect has been heavily reduced by constraining the model only slightly, and the direction is resolved satisfactorily around the dip Equator. The discussion in [20] , that "the error in the resulting model is simply constrained at the equator by our ability to update the location of this equator, and elsewhere by the quality of the scalar intensity data," applies equally well for the Astrid-2 scalar model.
The data (1766 scalar points) for the period chosen has produced a model whose scalar intensity is computed and plotted in Fig. 9 . Because the data is equally spaced in time, a weighting factor has been introduced in order to simulate an even spatial distribution of the data over the surface of the Earth [19] , [21] . The weighting factor depends only on the geographic co-latitude in the form ( )/5, since the a priori overall error of the magnetic data due to unmodeled effects is estimated to be about 5 nT. A nonlinear least squares estimator is employed to obtain the coefficients of the main field model. The starting point is a tilted dipole (the IGRF95 model truncated to degree ), and convergence is achieved in a few iterations.
The residuals show a characteristic pattern with the data fitting the model better in the Equatorial region where field-aligned currents are absent, while their presence in the Auroral zones is observed at high latitudes in Fig. 10 . The misfit standard deviation for latitudes less than 50 is 4.54 nT , and the overall misfit including the polar caps is about 10 nT .
The rms scalar difference between the extrapolated IGRF95 model and the Astrid-2 model is significantly larger than the Astrid-2 model data scatter of 4.54 nT, indicating the significant change in the Earth's main magnetic field from what is predicted by a simple extrapolation of the IGRF. The resulting model is given in Table II , which matches the IGRF2000 [22] propagated to the epoch of the period under examination here up to . However, it is worth noting than for degrees greater than 10 the coefficients are not resolved properly, since they are expected to decay as the degree increases. One reason for this behavior is that the altitude of Astrid-2 is probably too large for resolving these coefficients and that they may be contaminated by other sources such as currents crossing the satellite altitude and possibly by spatial aliasing of wavelengths shorter than about 1000 km. The covariance matrix (square matrix with dimension of the order of 200) is based on the data and weighting factors used. It shows that the ratio between the diagonal terms and the insignificant (in most cases) off-diagonal terms is up to orders of magnitude (see Table III ), demonstrating that the orthogonality con- Fig. 10 . Difference between the scalar magnetic field model and the scalar measurements of the Astrid-2 satellite for February 7, 1999, plotted against geographic co-latitude. The presence of the auroral regions is noticeable since the spherical harmonics model cannot account for the field-aligned currents.
dition of the spherical harmonic functions for the given dataset is partly fulfilled. Important is also the fact that the day was not extremely magnetically quiet and that time changes in the field will contribute to the data noise.
In order to investigate the significance of the higher degree terms, we have computed the low-latitude ( 50 ) scalar residuals of models of degrees 10, 11, and 12 to be 5.94, 5.70, and 5.17 nT, respectively. The higher than 10th degree terms thus only reduce the data spread slightly, and they are of minor significance in the model, as noted above.
The Danish Oersted satellite is dedicated to and designed for very accurate measurements of the vector components of the Earth's magnetic field. Comparison of the Astrid-2 data with those of Oersted indeed proves that the measurements of Astrid-2 are suitable for main field modeling. A combined Astrid-2/Oersted model of degree 13 for the internal static part (corrected with an internal secular variation of degree 8 from the IGRF2000) and degree 1 for the external contribution (in addition to a correction to the Dst dependency) has been derived by using Oersted data spanning a period in 1999 (OVH data from 17/3, 23/3 and 15/4; and both OVH and CSC data from 11-12/5, 17-18/5 and 12-22/5) and the Astrid-2 data set for February 7, 1999 . The data used consist of: Oersted vector data from the fluxgate CSC magnetometer (1599 triple points), Oersted scalar data from the Overhauser OVH magnetometer (9431 points) and Astrid-2 scalar data (1766 points). Fig. 11 shows of the residuals of these data sets using a common model. Concentrating on the scalar residuals, Oersted gives a scalar misfit (latitude 50 ) of 2.38 nT whereas the Astrid-2 data has a standard deviation of only 4.48 nT about the common model. The vector residual rms are: 5.48, 5.63 and 5.05 nT for the three components of the magnetic field ( , , ), respectively. Oersted was designed to provide vector components with this accuracy, whereas the main purpose of the Astrid-2 magnetometer was to provide high time-resolution data suited for auroral studies. This comparison supports the claim of very high stability and mapping quality of the Astrid-2 science magnetometer, and the absence of a bias in the Astrid-2 data compared to the Oersted data constitutes an independent test of the success of the in-flight adjustment of the Astrid-2 pre-flight calibration Therefore, the Astrid-2 data set is self-consistent and consistent with the Oersted data. 
VIII. ATTITUDE RECOVERY AND VECTOR FIELD MODELING
The attitude of the magnetometer has to be known to a certain accuracy for two main reasons. Firstly, if vector data is going to be used for main field vector modeling, geomagnetic research or external field sources investigation, it is important to very accurately determine the absolute orientation of the vector magnetometer coordinate system. Secondly, if it is possible to establish the orientation of the magnetometer in a reference system, Earth or Sun related, then it is also possible to determine the attitude of the spacecraft.
It was previously proposed [23] that the process of modeling the Earth's main magnetic field and at the same time to model the dynamics of the spacecraft, i.e., the magnetometer coordinate system absolute orientation, would yield independent estimates of the magnetic field model and of the satellite dynamics matching the on-board measured magnetic field components. The problem has to consider the vast class of spacecraft dynamics modes, force-free or under attitude and orbit control actions. Even so-called "force-free" dynamics will have to take into account a number of dynamics perturbing residual forces and effects, if arcsec accuracy in the attitude is desired. The spin axis is fairly fixed in an inertial frame but there are some modulations that have to be corrected for. The simplest types of motions will have to be considered first in order to investigate the feasibility of simultaneous dynamics and magnetic field modeling.
Astrid-2 is a spinning satellite with the spin axis normal to the solar panels and a spin frequency of the order of 9 rpm. The stable flat spin of the satellite about the body axis of maximum moment of inertia constitutes a very basic and simple motion and ensures an almost constant attitude of the spin axis in inertial space, and therefore the accomplished stability of the satellite is conceptually simple to model. In the following, the observed dynamic stability of the Astrid-2 satellite is demonstrated based exclusively on magnetic data, and the prospects for modeling the dynamics to the arcsec level are discussed.
Let be the calibrated magnetometer measurements in the magnetometer reference system and the magnetic field in a coordinate system having one of the axes parallel to the spin axis, i.e., the spin motion is not seen in that component of the magnetic field (see Fig. 12 ), whereas the other two components see the spin with a relative phase of 90 .
is the corresponding magnetic field in the despun inertial coordinate system (not shown). The measurements in the magnetometer reference system, and in the spin-axis-aligned inertial system are related by three rotation matrixes , , and (7) The alignment angles and are very small under the assumption that the axis of the magnetometer is almost aligned to the spin axis (the mounting orientation of the sensor has been designed in this way). The spin phase is introduced in , which is related to the spin frequency by (8) where is a reference phase angle, and is the time. The observed alignment angles are plotted in Fig. 13 as functions of time for several orbits. A pair of angles ( and ) are estimated by using a few spin periods of magnetometer calibrated data, and this is repeated consecutively. The quality of the solution for the angles depends upon the variation of the magnetic field, and that is the reason why it is not possible to determine a solution with enough accuracy in the polar caps (see the gaps in Fig. 13 ). As assumed above, these angles are small with mean values of less than one degree. Their long term variation with time is within 60 arcsec peak-to-peak or of the order of one hundredth of a degree over several orbits.
The magnetometer thus "sees" the Earth's magnetic field vector spinning about a definite axis in the magnetometer system. Above, this axis is identified with the satellite spin axis, because the magnetometer sensor is fixed to the satellite. Assuming for a moment that the spin axis is constant in inertial six whole orbits. These angles are used to transform the data into a spin axis aligned reference system. Their peak-to-peak variation is less than 20 and 60 arcsec, repectively.
space, then some orbit-related variations in the angles and are to be expected, because the Earth's main field vector slowly changes direction in inertial space over the orbit. This effect is, of course, included in the 60-arcsec overall variation, and it can be modeled and compensated for.
Another cause of orbit-related changes in and follows from the fact that the hinged boom placing the magnetometer sensor away from the spacecraft body is supported by a stay holding it in position (see Fig. 1 ), and this stay will contract and expand with the changing temperature along the orbit, thereby slightly rotating the magnetic sensor axis about the boom hinge relative to the satellite spin axis in the 1-3-plane. This would explain the temporal periodic variation of the angle.
Still, this effect is also contained in the observed 60 arcsec variation.
Any variation of the mass distribution of the satellite, including the flexible light-weight -field probe wire booms and the science magnetometer sensor, will violate the rigid body assumption of a constant spin vector in inertial space, and such changes will also be reflected in the variation of the angle as well as of the angle.
The fact that all these effects, and other perturbations not considered here, give no more than 60 arcsec changes over several orbits in the apparent direction of the spin axis, holds great promises for further work aimed at modeling and compensating for the observed variations. A factor-of-5 improvement in the knowledge of the apparent spin axis orientation to 6 arcsec corresponds to less than 2 nT in the 40 000-nT field. Further work on modeling the satellite dynamics will investigate the feasibility of this.
In order to despin the data, the spin frequency also has to be known to a very high accuracy. In the ideal case, the spin frequency would be constant. But it has been found that this is not quite the case, as the frequency varies periodically and related to the orbital phase. Once again, any change of the moments of inertia of the spacecraft due to mass distribution changes would influence the spin frequency. Also, the slow change (compared to the spin period) of the inertial direction of the Earth's magnetic field vector along the orbit will influence the spin rate, and this has not yet been taken into account in this preliminary investigation. This means that it is not a straightforward task to despin the magnetic data in the spin plane to the required accuracy, and any error introduced into this parameter would propagate directly to the orientation accuracy of the vector components. An example of de-spun data is given in the next section.
The accuracy needed for obtaining the vector components should be better than 6 arcsec as mentioned above. Presently, efforts are made to use all of the vector magnetic information from the Astrid-2 science magnetometer. This will be the subject of a forthcoming publication. The idea is that if the magnetic data is presented in an inertial reference frame (that of the spin axis) in which one component of the data is aligned to the spin axis and the other two components are accurately despun, it is believed possible to solve simultaneously for the attitude of the magnetometer and the Gauss coefficients of the main field model spherical harmonic expansion. Thus (9) where the angles , , and are an alternative way of representing the spin axis direction and the offset phase . These angles may be time-dependent, and the time changes will have to be modeled.
is the transformation that brings the spin aligned reference system into an Earth-Centered-Earth-Fixed system and it depends on time .
IX. OBSERVATION OF AURORAL ZONE FIELD-ALIGNED CURRENTS
Another feature worth mentioning is the crossing of the auroral zones by Astrid-2, where field-aligned currents are present. This is shown in Fig. 14 for a short period during February 7, 1999. The magnetic data are presented in the despun spin-axisaligned inertial system and detect a feature that resembles the crossing of a sheet of current, since only the direction of the field is changed, while the scalar magnitude is practically invariant to below the 1-nT level. The current density is determined to be about 0.8 A/m .
X. DISCUSSION AND CONCLUSION
The magnetic data of the Astrid-2 science magnetometer are proven to be of a very high quality for geomagnetic research. After in-flight adjustment of the pre-flight calibration, the standard deviation of the scalar data about the Astrid-2 Earth's field model was less than 5 nT, and an independent comparison with the Oersted data showed similarly less than 5 nT spread about the model and no bias. The combined Astrid-2/Oersted model is mainly determined by Oersted, as the Astrid data only constitute a very small fraction of the total data set.
The satellite did not carry any device for position determination, and the orbit was reconstructed by using the NORAD subroutine and two-line-elements. It is believed that the position accuracy is better than 1 km in all three components since a 1-km uncertainty in all directions would give a misfit of 10 nT in the geomagnetic model since the data standard deviation about a fitted model was less than 5 nT. The positional accuracy, though, is not better than 0.1 km. There is not a general procedure to check the positioning error derived from TLEs. However, it is possible to check the consistency of the TLEs by comparing the computed positions at the same epoch derived from consecutive TLEs. This has been done for the period of February 7, 1999 , confirming that the consistency is of the order of 100 m.
The timing accuracy is stated by the project to be in all cases better than 0.1 s. This is confirmed by our results, because 0.1 s timing error translates to about 700 m along track giving about a 1.5-nT error in the scalar field. The error in this direction in the plane of the orbit is slightly larger than the altitude error due to geometry considerations (the altitude is precisely related to the period and the plane is inertial).
A high-precision attitude of the magnetometer is needed for accomplishing a vector model. This has been suggested by relating the reference system to the spin axis and determining the initial spinning phase and the spin frequency. The simplest dynamic situation for this is during periods when no attitude or orbital maneuvers of the spacecraft take place. The rotation axis of the magnetic field was determined in the magnetometer coordinate system. This rotation axis stayed constant in the magnetic sensor within 60 arcsec peak-to-peak over several orbits, with the perturbations being orbital phase dependent. This opens for the possibility of simultaneously modeling the satellite dynamics and the Earth's magnetic field.
The successful use of the scalar data to achieve a main field model with a misfit of less than 5 nT away from the auroral zones, brings extremely good prospects for the Astrid-2 data. The altitude of 1000 km, the polar proximity of the orbit, the drift rate of the orbital plane covering all local times, and the combination with other geopotential fields missions like Oersted, CHAMP, and SAC-C enhances the potential of the satellite for space physics and geomagnetic research.
